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QCD Physics at the Fermilab Tevatron g

© The Fermilab Tevatron Collider serves as an arena for
precision tests of QCD with jets, W/Z bosons, and photons

» Highest Q? scales currently achievable (searches for new
physics at small distance scales)

» Sensitivity to parton distributions over a broad kinematic range

Q Data are compared to a variety of QCD calculations
(NLO, resummed, leading log Monte Carlo...)

CDF High-Mass Dijet Event

@ Dynamics of any new physics
will be from QCD...backgrounds
to any new physics will be
from QCD processes!
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Jet Production

Jets are the experimental
footprints of quarks and gluons!
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Jets are collimated sprays of hadrons

| originating from quarks/gluons from the
Miadronization hard scattering

Hadron-level jets

Unlike photons and leptons, jets must be

defined by an algorithm for quantitative
studies

Parton-level jets

We need a well-defined algorithm that
gives a close relationship between
calorimeter-level jets, hadron-level jets,
and parton-level jets

Underlying event
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Jet Algorithms at CDF €4

Cone algorithms (JetClu, Midpoint) JetClu is infrared unsafe:

soft parton emission

» Cluster objects based on their proximity in y-¢ (N-¢) space : .
changes jet clustering

» Starting from seeds (calorimeter towers/particles
above threshold), find stable cones
(p-weighted centroid = geometric center).

» In Run II QCD studies, often use “Midpoint”

algorithm, 1.e. look for stable cones from middle points
between stable cones = Infrared safe to NNLO

» Stable cones sometime overlap
= merge cones when overlap > 75%

k, algorithm

» Cluster objects based on their relative transverse
momentum (k)

K; jet Cone jet

b Iteratively cluster pairs of close objects until all objects become part of jets

» No issue of splitting/merging. Infrared and collinear safe to all orders of QCD.
» Successful at LEP & HERA, but relatively new at the hadron colliders

« More difficult environment (underlying event, multiple pp interactions...)
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Vs =1.96 TeV

€ @e

Proton-antiproton collisions at

Run 2 started in March 2001
Delivered luminosity now > 3 fb-!

Projection ~6-7 fb"! by 2009
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Collider Detector at Fermilab (CDF) &§#

| @ CDF— A Multi-purpose Detector
Ce " » Silicon vertex detector
\ ) » Central drift chamber (COT)
\ » Solenoid magnet
» EM and hadron calorimeters
» Muon chambers

i

A,
3 ! ; Z =
i < RE——a A 7 e
A A /
WA ’HL b
] it

iR
B AN\
Forward Calorimeter (E) B /
Luminosity Monitor
Time of Flight

entral Outer Tracker
Silicon Vertex Detector
Intermediate Silicon

» Data taking efficiency ~ 85%
» About 2.7 fb'! on tape

Results shown here use up to 1.7 fb-!
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Inclusive Jet Production
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Test perturbative QCD predictions over
~8 orders of magnitude in cross section

Constrain QCD parameters (PDF, &)

Potentially sensitive to new physics
Probing distances ~10-1° m
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Forward Jet Measurement

© Forward jets probe high-x at lower Q? (= —g?) than central jets
» Q? evolution given by DGLAP
» Essential to distinguish PDF and possible new physics at higher Q2

Q© Also, extend the sensitivity to lower x
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Jet Energy Corrections £432

Calorimeter-level jets T rah
Hadronic showers

Measure calorimeter-level jets.
Then, correct for:

Energy from additional pp collisions

N SN NN SN NN SN NN S AN A Y - S S oo ot SN A G BN B BN G B B BN BN BN NN SN
C T T 1T T T4

,
............. = Calorimeter non-uniformity

Average energy loss and smearing effect in
calorimeter energy measurement

Hadron-level jets

i A » Shower simulation tuned to data
Hadro

nization

= Hadron-level jet cross section
Parton-level j : : :
Se To make fair comparisons with parton-level
pQCD predictions, need to account for:
Underlying event
Hadronization

Effects evaluated from simulated jet events.
Underlying event in MC 1s tuned to data.

Underlying event
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Inclusive Jets with Midpoint £42

@ L=1131b! 1
CDF Run II Preliminary (L=1.13fb )
= . — 13 [
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» Experimental uncertainties T 10 . T -
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Underlying Event & Hadronization

------ - Midpoint R, =0.7, f,,,,,.=0.75, 0.1<|Y|<0.7
- Parton to Hadron-level Correction
Hadron-level jets 11 Uncertainty
\) | - -I-LI_I_I_I_‘\
Hadronization 1E
0.9
Parton-level jets u
0.81— CDF Run II Preliminary
0.? : L L L L I L L L L I L L L L I L L L L | L L L L | L L L L I L L L L
0 100 200 300 400 500 600 700

P, (GeVic)

Underlying event
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Inclusive Jet Production with Midpoint&§a

CDF Run II Preliminary J L=1.13 5"

[Y]<0.1

0.1<|Y|<0.7

Data / Theory
[

0.7<[Y]<1.1

Data / Theory
P

5

1 -

5 Sl
> 2 500 600 700
o 3 PIET (GeVic)
© E 1.e<|y|<2.1 T
= 2.5F PDF Uncertainty on pQCD
= = Data (parton level) / NLO pQCD
E 1.5F [ 1 Systematic uncertainty

1; +

0.5F .

Midpoint R___=07, f___=075

merge

0100 200 300 400 500 600 700
P4ET (GeVic) NLO pQCD: NLO++ CTEQ 6.1M p=P¥/2, R,_=1.3
@ Data consistent with NLO pQCD predictions in all rapidity regions
Q@ Experimental uncertainty in the forward region smaller than the PDF
» will contribute to further constrain PDFs
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Inclusive Jets with k. vs. D

K; D=0.5 K; D=1.0
i —=— CDFdata(L=1.0fb") .
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-'ak o L] Systematic uncertainties B h
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Measurement with different
D parameters

Parton-to-hadron level
corrections larger for larger
D parameters (larger UE
contributions)

Both measurements in good
agreement with NLO pQCD
after UE and hadronization
corrections

= NLO pQCD provides a reasonable description of dependence on jet size.
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Dijet Production

Test of pQCD predictions

3
g | Midpoint, R=0.7, |y [« L, =1.13fb
o . . £ B Data/NLO (CTEQG. T “Mjetl,2)/2=p,, R, =1.3)
Sensitive to new physics: F ool e PP IR R
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decays Of massive part1CleS7 % = PDF uncertainty from CTEQ
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2 B a2 x )/ o)
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b-jet Production Ep2

© bjets are signatures of many important and possible new physics processes.
Q© Understanding b-jet production has been a big challenge in QCD.

» Only recently, data and theory started to show agreement; more precise
measurements, fixed order + NLL, improved fragmentation function, PDFs

Flavor creation g
2 & ST —e— Q FlaVOI‘
g excitation
X g g
) Q@ g"d"d"ﬁ‘—*—@ 7 + "R EEan
g & g 5 g
oTBHTE - Gluon
g a Q . .
Sg splitting
g @ g @ o
e LT g
Leading order processes Next-to-leading order processes

Q@ Measurement on bb dijet production is sensitive to different production
mechanisms:

» Flavor creation at high A¢
» Flavor excitation or gluon splitting at low A¢
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b-jet Identification £§2

Jetcone— " E
:.'.';

The most commonly used “tagging”
technique at CDF identifies b-jets with a

displaced secondary vertex (long B
hadron lifetime, ct ~ 450 pm)

@ consider tracks in nN-¢p cone of ii:lli Jlt 24
0.4 around jet axis g
@ reconstruct secondary vertex
from displaced tracks

@ If the vertex has large
transverse displacement (Lxy),
the jet 1s “b-tagged”
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bb Dijet Production £h

Q@ bjets selection using secondary vertex tagging both at the trigger and offline levels

© Comparisons with LO MC (Pythia and Herwig) and NLO MC (MC@NLO
with/without Jimmy for multiple parton interactions)

_ CDF Run Il Preliminary CDF Run Il Preliminary
e o E -
_g ~ —=— Data - Syst. uncertainty i ® B ] -
E -~ —a=— Pythia (CTEQSL) Tune A A s [ —=— Data - Syst. uncertainty =
= T Herwig (CTEQS5L) + Jimmy :ij'_'}' = [ —= MC@NLO(CTEQEM) v
g"m’ — —<— MC@NLO (CTEQSEM) + Jimmy o %103 | —&— MC@NLO (CTEQBM) + Jimmy
5 F y 5 E ==
% = é T ‘!U B ——
107 ; JetClu R,,,,=0.4, |<1.2 10 JetClu Rygp=0.4, [n[<1.2
% i E;.>35 GeV, E_>32 GeV - Er35 GeV, E, ,>32 GeV
- Vs = 1.96 TeV| L~260 pb"' - | | | s = 1.96 TeV, L~260 pP'1
P T T I PR IR N T T T AN TN SN NN N N SR S N T N I TR R I MR M L
0 05 1 15 2 2 0 0.5 1 15 2 2.5 3
A ¢ (rad) A ¢ (rad)

© MC@NLO reproduces data within errors
(at low Ap, MC@NLO> Herwig > Pythia)
© Simulation of underlying event (Jimmy) improves data-theory agreement
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Vector Boson + Jet Production e

® T £ pOCD at high O’ SUSY searches in the missing E, + Jets
estof p at hig

) . channel
Q@ Important for many physics
searches .
_ - — Missing E;
q 9
Multiple
jets
3 CDF Run Il Preliminary
%10 g —e— Data (Lum = 1.1 b7 ‘ 7' g 7
g - — aco
I — R | —> Missing E;
g"ﬂ = W Hets
w o = Wit v)+.jettss
B Lot Major backgrounds
10— W (e opjets .
= o P Z — vv +jets
- » W —lv +jets
1
» QCD, Top, WW...
10° L Crucial to understand boson-jets

Missing E; [GeV]

production!
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W + Jets Production Jl

e e
O W events selected with electron + {% m"ﬁw< {% ,\A"’,\p<
missing E (W — ev) v  vooozg DV
_ ) AO\q g AO\q g
Q© Jets clustered with JetClu R=0.4 N N
Ejet> 15 GeV; |yiet] < 2. ... T parton showers
CDF Run Il Preliminary
& Compare with matrix element + §1lstj|etol S I+I . ICIE;,J ,‘, IJ’L,L';;,_.IDIP:HQ' S
L x10°, _
parton ShOWCI' (ME+PS) 10 % 111.. hadron level; no UE correction 3
Monte Carlo predictions  Doter e e MLM (Alpgen + HERWIG) -
S Ex107 '”‘--.m --------- CKKW (Madgraph + PYTHIA) =
: ; ? i ™ Total i m
» Special ME-PS matching % 10 L o inozztﬁlnno.;'-g:ar'::fl?tcijptl?cli::itsaample =
(MLM, CKKW) e p3lety | ]
i . —_ 2| x 10 - _
to avoid double counting T e : 5
. . R A S S ——————— ]
» Comparisons in shape only S 10°gjet ; =
E %107 i I 3
104 J -
Reasonable agreement with ME+PS vosl i -
E_I 1 | AN T T T N N B Y ‘ | I T | | | I I | | I | | | I I | ‘ | I I | | 1 I_E

MC predictions 0 50 100 150 200 250 300 350
Jet Transverse Energy [GeV]
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Z + Jets Production

L=1.7fb!

Z events selected with di-
electrons

Jets clustered with Midpoint
algorithm R=0.7,
pJet > 30 GeV ; |yiet| < 2.1.

Good agreement with NLO pQCD
predictions

10° CDF Run Il Preliminary
— —e CDFData L=1.7 %"
0 4 Z(—ee) + =1 jet inclusive (<20} [ ] Systematic uncertainties
> 10 —- “& NLO MCFM CTEQS.1M
@ —i—
(0] =Q==Q= Corrected to hadron level
3 10° e, G ME +pi2) R, 13
= == —me p =2 ip=pgf2
B, 2 * = == PDF uncertainties
a 10 ——
o ——
T = . ——
T 10 ——
—a—
;?:
1 S
Z(—ee) + =2 jets inclusive —
—O—

Z(—ee) + =1 jet inclusive

T T i et S it e

Data / Theory
oo [ W Y
oD P sk o>

Y ]

i dpaiones s o el i

Data / Theory

—
o
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Z + Jets Production

105 CDF Run Il Preliminary
= = —s— CDFData L=17"
4 - Systermatic uncertainties
rmy = —=— NLO MCFM CTEQ6.1M
D 104 corrected ta hadron level
R . £~V 5i2) R0
a:-' - - -— NLOscalep =2p, ;p=p,/2
m - - - - MLO PDF uncertainties
X 403 —+— LO MCFM hadron level oy .
A0 . Ratio of o(n)/ag(n-1) ~ &,
=z — Py
= - Z-oee +jets - L.
T 66 <M, < 116 GeVic? 0.16 CDF Run Il Preliminary
102 — E? > 25 GeV, nj| <1 - Tt Zee +jets
= al <1 ] 1.2<npl <28 " £ - 86 < M,, < 116 GeV/c’
= pf' > 30 GeVie, [y < 2.1 A © 0.4 E° > 25 GeV, Inf| < 1
L AR{ejet)> 0.7 6: L gl <1 1.2< |ﬂ§| <28
1.8E ' 0.121— P > 30 GeVrc, [y™| < 2.1
9 “E - AR(e jet) > 0.7
1.6 pmimim i L s
2 ERRCIEIE TSy e mep e J_ 0.1 - == et
o 14 === e . T B S
= = L
3] T e mimimimimms - L
e 1.2 0.08— [
1t | . | | -« CDFData L=1.7f"
1 2 3 - 0.06— Systematic uncertainties
T jets -5 NLO MCFM CTEQ6.1M
L corrected to hadron level
0.04— uh= M2 +pi(2), R,,,=13
Data/LO and NLO/LO ratios P o NLOsaalen=2u, 1 =uy2
0 02— - == NLO PDF uncertainties
~ constant el | |

2 .
>n jets

Jay R. Dittmann / Baylor / CDF Jet Physics at CDF Workshop on Low x Physics — 1 September, 2007 23




W + bb Production A

7 CDF Run Il Preliminar 3
Q@ Large background for many analyses d Ml
} SM nggs (WH) pl‘OdllCthn o Fit of SECVTX Mass for Isolated Electrons/Muons (W"+1,2 jets)
0 L
» Single top quark production _ Bottom : 32.81x 33 %
—_ . 100 |- Charm : 47.03 = ggg%
» [fproduction L O] Light : 2015: 79
% x*= 28.12/36 Prob= 0.822
— 80 L
q v =
o I
F ; 60 - —— Charm
+ / = I Light
‘V d:) | —— Bottom
I.E 40 —— Combined Fit
b I
g 20 -
q 5 ﬁ
b o }
0 5

SECVTX Mass (GeV/c?)
In secondary-vertex-tagged sample,

fit for light, c, b contributions.

o(WE — bb) x BR(IWE — ¢Fv) = 0.90 £ 0.20 (stat.) £ 0.26 (syst.) pb

(E/°* > 20 GeV, 7| < 2) Alpgen predictions: (0.74 + 0.18 pb)
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Z + b Jets Production

g menn—e—~0Q

Probe the less-well-known heavy flavor
content of the proton. Important for

SUSY higgs: gb — hb, bb — h

f —»— 10 g q

Q
——l,

Major background for SM Higgs
searches (ZH, H — bb)

q

Single top: gb — ¢'t and gb — Wt

Events ! |4 Gale’)

L=1.51fb!
Z events selected with di-leptons
(ee and pp).

Jets clustered with a cone
algorithm R=0.7

b-jet identification: secondary
vertex tagging

Z+ b jet. CDF RUN I Preliminary
IIIIIIIII LI LILIL II|II

I I I II T IIII T
« CDOFdata

220 T
200E- le=1.96 Tev ;;ﬂhﬂ
180 L~15f FU 70 By THLA
160~ BEf=20 GeV S E}prr_":,c.::. .
140 ™ =1.3 28— (P THIA]
120

100

&0

Gl

40

20

M, (GeWic’)
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Z + b Jets Production

Z+ b jet. CDF RUN Il Preliminary

Tl COF data —

b, ¢ and light fractions & o [Jigntjets 3

determined from the template = F %; J'_Ettﬂ .

i B 215 ]

fit of the secondary vertex L e

mass distributions g0 L otsfyt ]

- # Es20 GeV o

40— w15

| E

ﬂ:I_III I L1 1 1 II L1l I L1 11 I L1 1.1 II L1l I L1l I L1 11 II L1l I L1l I:

1.3 -

Secondary Vertex Mass (GeV/c?)
Epe>20 GeV, IN*[<1.5  CDF Run II Preliminary PYTHIA MCEMNLO ~ MCFMNLO
Rjet:O’7 measurement + UE + hadr.
O(Z+b-jet) 0.94 +0.15 = 0.15 (pb) 0.51 pb 0.56 (pb)

a(Z+b-jet) / O(Z) 0.369+0.057+0.055%  0.35% 0.21 % 0.23 %
O(Z+b-jet) / O(Z+et) 2.35+0.36 = 0.45 % 2.18 % 1.88 % 1.77 %

Data somewhat higher than NLO predictions. Theorists contacted for further investigation.
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W + charm Production JE

Q First measurement of the We production cross section!

@ The technique uses soft muon flavor tagging, where we
identify jets with a muon from the semileptonic decay of the
candidate c-quark. (Jet Er > 10 GeV)

@ W events are selected with e/ + missing Et (> 25 GeV)
Q@ We study the charge correlation of the W boson with the
muon. Candidate events are fully anti-correlated!

Number of events with

'. dbar__ at least one SLT-tagged jet:
':, P |r'“9--..,r cbar _,/ |- IaJet oLl
4 - . W ZIN I W+ 1jet W + 2 jets
— vba =¥ g
[?‘J sbar W S| Woev 725 360
v~
U | Wou 491 246

g+s : ~90%, g+d: 10%
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W + charm Production £

The Wc production cross section 1s obtained using:

) NOS-55 _ Nﬁ{g—ss \ be;;}(gfplflln(fif are

We — » W+light tlavor
Acc f L »non-W QCD

. » Drell-Yan

Cross section measurement: b et

owe X BR(W — (v) = 28.5 £8.2 (stat) 743 (syst) & 1.7 (lum) pb

where pr(c) >8 GeV/c and |n.] < 3.0 [ =1.81fb!
CDF Il Preliminary | | CDF Il Preliminary

=1
=]

- e Data(~1.8fb-1) 100l
120 N
E'L— @O Wc (measured) C
100 | 3 Drell-Yan 80
L:” - 1 Nnnl-w g -
@ 1 W+light flavor @ 60—
i 60 [ Other 4 r
w I
) 40 B°F
w . -
O 20 8 20—

PRI NN N RN NN T TN T NN SN R | | DS P S 7 IO ST Wl T .20
3.5

3 3.5

(=]

0.5

1 95 2z . 25 S S m—y
Ao(Met-SLT) [rad] AR (TL-SLT)
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Conclusions &

CDF has a broad program on jet physics which 1s making a

significant impact on better understanding of jet production
mechanisms and QCD.

Inclusive jets, dijets, bk dijets, boson + jets, boson + b-jets, W + charm

X

Providing stringent tests of QCD calculations and further constraints on
QCD parameters

» NLO pQCD calculations, ME-PS matching techniques
» Proton PDFs (especially high-x gluons)

Q@ QCD processes often the most important background to electroweak and
possible new physics processes

= Better understanding will enhance the potential for new physics discoveries at the
Tevatron and also at the upcoming LHC!

1 thank Ken Hatakeyama and Regis Lefevre (CDF QCD Conveners) for their kind assistance.
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